The ability of different antibiotics to select for extended-spectrum ␤-lactamase (ESBL)-producing Escherichia coli remains a topic of discussion. In a mouse intestinal colonization model, we evaluated the selective abilities of nine common antimicrobials (cefotaxime, cefuroxime, dicloxacillin, clindamycin, penicillin, ampicillin, meropenem, ciprofloxacin, and amdinocillin) against a CTX-M-15-producing E. coli sequence type 131 (ST131) isolate with a fluoroquinolone resistance phenotype. Mice (8 per group) were orogastrically administered 0.25 ml saline with 10 8 CFU/ml E. coli ST131. On that same day, antibiotic treatment was initiated and given subcutaneously once a day for three consecutive days. CFU of E. coli ST131, Bacteroides, and Gram-positive aerobic bacteria in fecal samples were studied, with intervals, until day 8. Bacteroides was used as an indicator organism for impact on the Gram-negative anaerobic population. For three antibiotics, prolonged colonization was investigated with additional fecal CFU counts determined on days 10 and 14 (cefotaxime, dicloxacillin, and clindamycin). Three antibiotics (cefotaxime, dicloxacillin, and clindamycin) promoted overgrowth of E. coli ST131 (P < 0.05). Of these, only clindamycin suppressed Bacteroides, while the remaining two antibiotics had no negative impact on Bacteroides or Gram-positive organisms. Only clindamycin treatment resulted in prolonged colonization. The remaining six antibiotics, including ciprofloxacin, did not promote overgrowth of E. coli ST131 (P > 0.95), nor did they suppress Bacteroides or Gram-positive organisms. The results showed that antimicrobials both with and without an impact on Gram-negative anaerobes can select for ESBL-producing E. coli, indicating that not only Gram-negative anaerobes have a role in upholding colonization resistance. Other, so-far-unknown bacterial populations must be of importance for preventing colonization by incoming E. coli.
scherichia coli is a versatile and ubiquitous species that is regularly represented in the commensal flora of the gut. The species includes nonpathogenic, intestinal pathogenic, and extraintestinal pathogenic E. coli (ExPEC), all of which can be variably present in the human gut. ExPEC can cause a wide range of infections, from uncomplicated cystitis to life-threatening sepsis (1-3). Major sources for resistance in E. coli are plasmid-borne extendedspectrum ␤-lactamases (ESBL), which are enzymes capable of hydrolyzing, and thus conferring resistance toward, most ␤-lactam antibiotics, except for the cephamycins and carbapenems. In addition, ESBLs are inhibited by ␤-lactamase inhibitors, such as clavulanic acid, sulbactam, and tazobactam (1, 4) . Plasmids carrying ESBL genes often carry various other genes that cause resistance to other classes of antibiotics (e.g., aminoglycosides) (1, 4, 5) . One of the most common types of ESBLs identified in the world is CTX-M-15, and the spread of its areas of endemicity seems to be associated with a few E. coli sequence types (ST), such as ST131. ST131 is most frequently linked to quinolone resistance and CTX-M-15, but it also harbors specific virulence genes coding for factors such as adhesins (fimH, papEF), toxins (sat), and capsules (kpsM II), contributing to its ability to colonize the human gut (2, (4) (5) (6) (7) . The possible human colonization is of great concern, since ST131 isolates often are resistant to several antibiotics and are known to cause urosepsis to a higher degree than non-ST131 isolates. In clinical settings, multiresistance, including production of ESBL, delays appropriate treatment, leading to extended hospital stays as well as increased mortality and morbidity (8) (9) (10) . Finally, urinary tract infections are primarily caused by E. coli present in the patient's own microbiota, making knowledge on colonization by resistant E. coli of great importance (1, 4, 11) .
Several case-control studies have identified recent antibiotic exposure, especially to cephalosporins and fluoroquinolones, and hospitalization as significant risk factors for acquiring an infection with an ESBL-producing Enterobacteriaceae (within 30 days) (10, (12) (13) (14) . A systematic study of the selective ability of all antibiotic classes has been lacking. In this study, we wished to evaluate the ability of nine common antimicrobials, including antibiotics used for Gram-positive infections, to select for a CTX-M-15-producing E. coli ST131 isolate in a mouse intestinal colonization model. (This work was presented as a poster at the 52nd Interscience Conference on Antimicrobial Agents and Chemotherapy, San Francisco, CA, 9 to 12 September 2012.)
MATERIALS AND METHODS

Strain.
For the colonizing pathogen, we used a clinical blood isolate of E. coli that belongs to the lineage B2-O25b-ST131. This isolate (65-Ec-09) carries some of the virulence factors previously seen in ST131 isolates found throughout Denmark in 2009, and it is similarly resistant toward many commonly used antibiotics (MICs when resistant: cefotaxime, Ͼ32 g/ml; cefuroxime, Ͼ256 g/ml; ceftazidime, 32 g/ml; ampicillin, Ͼ256 g/ml; aztreonam, 32 g/ml; amoxicillin-clavulanate, Ͼ256 g/ml; ciprofloxacin, Ͼ32 g/ml; cloxacillin, Ͼ256 g/ml; clindamycin, Ͼ256 g/ ml. MICs when susceptible are as follows: amdinocillin, 2 g/ml; trimethoprim-sulfamethoxazole, Յ0.125 g/ml; gentamicin, Յ0.5 g/ml;
piperacillin-tazobactam, 2 g/ml; meropenem, Յ0.064 g/ml; nitrofurantoin, 13 millimeters in zone diameter [mm] ; trimethoprim, 27 mm) (15) . Pheno-and genotypic characterizations were performed by using the MAST-test, PCR, and DNA sequence analysis according to methods used at the clinical laboratory of Department of Clinical Microbiology, Hvidovre Hospital, Denmark (HVH) or at Statens Serum Institut (SSI) as previously described (15) . Sequence type verification was performed via full multilocus sequence typing (MLST, using the Achtmann scheme [http://mlst.warwick.ac.uk/mlst/dbs/Ecoli]) by SSI, who also found that the isolate harbored the virulence factors kpsM II and iutA (15) (16) (17) .
Media. To test bacterial growth in collected fecal samples from mice, we used selective agar plates, all from SSI Diagnostica, Hilleroed, Denmark. For the CTX-M-15-producing E. coli population, ID Flexicult agar containing cefotaxime at 32 mg/liter and vancomycin at 6 mg/liter were used. The Gram-positive aerobic population was selected on 5% blood agar plates containing gentamicin at 5 mg/liter, and the Gram-negative anaerobic population was selected on anaerobic plates containing gentamicin at 32 mg/liter and vancomycin at 16 mg/liter. Culturing of anaerobic species were performed under anaerobic conditions in GasPak EZ containers and an anaerobic atmosphere created by using AnaeroGen (Oxoid) (18) .
MIC determinations. Antibiotic susceptibility testing was performed as Etests when possible and as disc diffusion tests where no Etest was available (the MIC for dicloxacillin was found by using an Etest for cloxacillin, since neither Etest nor disks for dicloxacillin were available). The diffusion test methodology has been described elsewhere (15) , and a similar Etest methodology was used according to guidelines from the Department of Clinical Microbiology, Hvidovre Hospital. All results were interpreted according to current recommendations from the European Committee on Antimicrobial Susceptibility Testing (http://www.eucast .org/clinical_breakpoints/).
Antibiotics used for treatment. Commonly used antibiotics were chosen for this study. These included different ␤-lactam antibiotics, ciprofloxacin, and clindamycin. All mouse dosages were calculated based on human doses (in mg per kg of body weight) from pharmacokinetic (PK) studies performed at SSI or from previously published mouse studies (Table 1) (19) (20) (21) (22) (23) (24) (25) (26) . Doses were chosen to mimic the serum antibiotic concentrations achieved in humans on standard doses. All antibiotics were administered subcutaneously once each day for 3 consecutive days. Concentrations of antibiotics in mouse feces had been measured in a previously published study for a ␤-lactam antibiotic, an expanded-spectrum cephalosporin, a carbapenem, clindamycin, and ciprofloxacin (19) . The doses used in this study were similar or higher.
Mouse intestinal colonization model. (i) Mice. The animal experiment was approved by the Danish Centre for Animal Welfare and carried out at Statens Serum Institut in Copenhagen, Denmark. In all studies, 7-to 10-week-old female albino, outbred NMRI mice (Harlan, the Netherlands) weighing 26 to 30 g were used. The mice used in each study were all from the same litter and were brought simultaneously to the stable and housed in pairs of two per cage. At the end of the study, all mice were sacrificed to ensure that no mice were kept alive with no immediate purpose. Animals were housed, treated, and sacrificed according to current guidelines.
(ii) The mouse model. The mouse intestinal colonization model was an experimental model where all mice were kept in pairs of two per cage. Two cages constituted one group and each group received one antibiotic. Thus, each antibiotic was given to a total of four mice in two different cages, and a total of 20 to 22 cages were included in the study. Treatment was given subcutaneously in the neck once a day for three consecutive days (day 1 to day 3). Inoculation of mice with the bacterial strain was done through a stainless steel orogastric feeding tube on day 1 prior to initiation of treatment. The intestinal flora was unaltered prior to the study, and no mice were anesthetized during the study. The experiment was conducted from day 1 to day 8, and cages were changed daily. At the end of day 8 all mice were sacrificed.
(iii) Experimental study. We executed our full experimental study by using the described mouse intestinal colonization model. The study was conducted from day 1 to day 8 with feces collected prior to inoculation on day 1 and on days 2, 4, and 8. On day 1, mice were inoculated once with 0.25 ml of saline containing 10 8 CFU/ml of 65-Ec-09. Thus, each mouse was given an inoculum of 2.5 ϫ 10 7 CFU. The mice were left for 3 h before the first doses of antibiotics were administered subcutaneously. Each treatment group, consisting of four mice housed in two different cages, received cefotaxime, cefuroxime, ampicillin, dicloxacillin, amdinocillin, meropenem, clindamycin, ciprofloxacin, or benzylpenicillin (Table 1) . A control group received 65-Ec-09 but no antibiotic treatment. The complete selection study of E. coli ST131 CTX-M-15 (65-Ec-09) in the mouse intestinal colonization model was performed twice, with the exception of CFU counts of the Gram-positive aerobic flora, which were only studied in the second run. The control group receiving 65-Ec-09 only was included in both runs. Furthermore, a group of mice that received treatment with cefotaxime without receiving the ESBL-producing strain was included in the first run only.
(iv) Prolonged presence of resistant pathogen after completed antibiotic treatment. Additionally, the prolonged presence of the E. coli ST131 after completed antibiotic treatment was studied in the first run for three antibiotics (cefotaxime, dicloxacillin, and clindamycin). These three antibiotics were chosen based on their selective abilities found in the study. Treatment stopped, for all groups, on day 3. Cages were changed a All doses were administered subcutaneously once a day, and the needed doses were calculated based on the expected average weight of the mice (weights given by provider), as described in previously published studies (18) (19) (20) (21) (22) (23) (24) (25) . All mouse dosages were calculated based on human doses from PK studies performed at SSI or from previously published mouse studies (19) (20) (21) (22) (23) (24) (25) (26) . i.v., intravenous. b Benzylpenicillin (1.2 grams ϭ 2 millions units ϭ 2 mill. IE) was administered intravenously.
daily from days 1 to 14, and feces samples were collected on days 10 and 14. On day 14, the study was terminated and mice were killed. Detection and quantification of bacteria in feces. On specified days, 0.5 g of feces was collected from each cage. Feces were dissolved in 5 ml of saline and further diluted 10-fold in saline for a total of 6 times. Dilutions were plated on the different selective agar plates, and the log CFU per 0.5 g of stool for 65-Ec-09, the Gram-negative anaerobic flora, and the Grampositive aerobic flora were calculated for each cage and two or three colonies from each day frozen. Each CFU count was performed on two agar plates and calculated as the average CFU count for the two plates. To ensure no presence of cefotaxime-resistant E. coli prior to inoculation, dilutions of feces from day 1, from each cage, were spotted on selective plates and this showed no growth of resistant E. coli. The lower detection limit was 10 CFU per 0.5 g of feces.
Molecular tests. To ensure that the E. coli found in feces was identical to the isolate given through inoculation, we tested a total of 17 cefotaximeresistant E. coli isolates found in feces during treatment and 4 E. coli isolates from day 1 for the presence of a CTX-M group 1 gene. Samples from both experimental runs were included (see below). Three to four isolates per frozen sample were used for DNA purification. As these tests were performed on isolates from both study runs, they were not performed until both runs had been completed. Thus, isolates tested were isolated from frozen samples. We were therefore likely to isolate the dominating E. coli strain and thereby determine if 65-Ec-09 had become the dominating E. coli of the microbiota (11, 27) .
All of these 21 isolates were identified as E. coli by matrix-assisted laser desorption-time of flight analysis as described elsewhere (28) . All resistant E. coli isolates contained a CTX-M group 1 gene, whereas none of the isolates from day 1 contained a CTX-M group 1 gene.
Isolates from the following groups were tested: cefotaxime (day 2 from both study runs and day 1 from the first run), cefuroxime (day 2 from both study runs and day 1 from the first run), ampicillin (day 2 from both study runs), dicloxacillin (days 1, 2, 4, and 8 from the first run and days 2 and 8 from the second run), clindamycin (days 1, 2, 4, and 10 from the first one and days 2 and 8 from the second run), and benzylpenicillin (day 2 from second run).
Additionally, five of the cefotaxime-resistant E. coli isolates and one isolate from day 1 were characterized by MLST (cefotaxime, cefuroxime [day 2], dicloxacillin [days 1 and 4], and clindamycin [days 4 and 10]). The five resistant E. coli were identified as ST131 and the one isolate from day 1 belonged to ST602.
Statistical analysis. Data were analyzed with the use of SAS software, version 9.3 (SAS Institute). When just one group receiving one antibiotic was compared to the control group, this was done via a one-way analysis of variance (ANOVA). When multiple CFU counts were compared, it was done as a multiple variant analysis, adjusted for multiple comparisons with the Bonferroni correction. The conservative Bonferroni correction was used to avoid multiple comparisons. A P value of Ͻ0.05 was considered significant.
RESULTS
Results of fecal bacteriology were calculated as the log CFU/0.5 g of feces, and the mean CFU of four cages (two cages for Grampositive aerobic flora) were used for statistical calculations. For graphic depictions, means and standard deviations (SD) were used. Data for the selective abilities of the different antibiotics on 65-Ec-09 are shown in Table 2 and Fig. 1 and 2 for E. coli, Gramnegative anaerobic flora, and Gram-positive flora, respectively.
Effect of antibiotic treatment on establishment of resistant pathogens and on the indigenous microflora. Data for the effects on colonization of 65-Ec-09 by the different antibiotics are shown in Fig. 1 . Cefotaxime, dicloxacillin, and clindamycin promoted the colonization and overgrowth of 65-Ec-09 from day 2 through day 8 (P Ͻ 0.01 for dicloxacillin and clindamycin; P Ͻ 0.05 for cefotaxime). Benzylpenicillin and cefuroxime showed less overgrowth but selective abilities on days 2 and 4 (P Ͻ 0.05). Dicloxacillin and clindamycin showed the highest selective abilities (P Ͻ 0.01 for dicloxacillin on days 2 and 4 and P Ͻ 0.01 for clindamycin on all days). After treatment was completed on day 3, there was a decline in the colonization of 65-Ec-09 from day 4 to 8. In comparison, neither ampicillin, amdinocillin, meropenem, nor ciprofloxacin promoted overgrowth of 65-Ec-09 beyond day 2 (P Ͼ 0.05).
Data for the impact on the original microbiota as Gram-negative anaerobic flora, represented by Bacteroides, and Gram-positive flora, respectively, are shown in Fig. 2 . None of the antibiotics used had an inhibiting or promoting impact on the Gram-positive flora (P Ͼ 0.05). Only clindamycin had an impact on the Gramnegative anaerobic flora, as it completely eliminated the Gramnegative anaerobic flora during treatment (P Ͻ 0.05). After treatment, the CFU counts for the Gram-negative anaerobic flora increased to counts equal to those before treatment.
Prolonged presence of 65-Ec-09 after completed antibiotic treatment. Data for CFU of 65-Ec-09 on all sampling days are found in Fig. 1 . After the initial increase, the CFU decreased for all three groups of antibiotics. For dicloxacillin and cefotaxime, the CFU counts dropped below the detection limit on day 10. For clindamycin, the CFU was measurable until day 14, the last day of the study. There were no significant differences in fecal CFU of 65-Ec-09 over time among the three antibiotics (P Ͼ 0.05). a P values for days 2 to 8 were determined via an ANOVA, while P values from days 10 and 14 were found by a multiple variant analysis with the Bonferroni correction.*, below the lower detection limit.
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DISCUSSION
To our knowledge, this is the first study to experimentally evaluate in vivo selection in the gut of a CTX-M-15-producing E. coli ST131 isolate by a range of commonly used antibiotics, including antibiotics with no activity against Gram-negative bacteria. With the mouse intestinal colonization model, we were able to illustrate the selective abilities of different antibiotics on the intestinal flora when a virulent isolate of CTX-M-15-producing E. coli ST131 was introduced. We found several interesting aspects of selection. First, we confirmed that antibiotics with activity against the colonizing strain did not promote proliferation, since neither amdinocillin nor meropenem resulted in colonization. Second, our findings confirmed that an antibiotic, clindamycin, that eliminates the Gram-negative anaerobic flora with no in vitro activity against Enterobacteriaceae promotes proliferation of ESBL-producing E. coli. It has been shown that antimicrobial impact on the total anaerobic population is proportional to the impact on the Bacteroides population (19) . Third, of the ␤-lactams with no inhibiting effects on the ESBL-producing E. coli, cefotaxime showed the highest level of selection. Cefuroxime and benzylpenicillin did, however, show higher selection propensities than ampicillin, in agreement with what has previously been seen for high doses of penicillin (29) . Furthermore, we discovered that dicloxacillin, with no obvious influence on either the Gram-negative anaerobic flora or other Gram-negative bacteria, promoted colonization with the ESBL-producing E. coli, while ciprofloxacin, with a limited in vitro effect on the Gram-negative anaerobic bacteria but an effect on Enterobacteriaceae, showed no abilities to select. These results could indicate that not only Gram-negative anaerobes have a key responsibility upholding colonization resistance. It appears that, as for penicillin (29) , an antibiotic with limited impact on Gram-negative bacteria can select for a resistant E. coli isolate, suggesting that other bacterial populations, not measured in our study, such as certain anaerobic Gram positives, are of importance for preventing colonization from an incoming E. coli strain. Finally, we found that the antibiotic with the highest impact on the anaerobic population, here represented by the Bacteroides population, seems to give room for prolonged colonization, i.e., clindamycin showed high to medium levels of 65-Ec-09 until day 14, compared to dicloxacillin and cefotaxime. This points to the possibility that even if unknown Gram-positive populations, anaerobic or aerobic, display colonization resistance, the Bacteroides population seems to play a role in preventing prolonged colonization. Our study suggests that selection of E. coli ST131 is not derived alone by the antibiotic impact on the major population, such as anaerobes, as seen with dicloxacillin versus ampicillin and ciprofloxacin. This finding could potentially alter the perception of which antibiotics drive the spread of ESBL-producing E. coli, including ST131, even if clindamycin was the antibiotic that showed the highest level of selection and longest duration of colonization.
The model has some limitations, since it does not include clinical aspects of selection, such as treatment with multiple antimicrobials or long-term treatment, nor does it take into account reexposure to resistant pathogens or retreatment after exposure. Also, we did not investigate the antibiotics' effects on the total bacterial population of the intestines, including shifts in the dominating phyla. Such an investigation of changes in species and changes in the total Enterobacteriaceae population could potentially have described, in detail, factors influencing colonization. Future studies of the microbiota should be designed to fully describe antibiotic impacts on the different phyla. The lack of selective ability seen from ciprofloxacin on the CTX-M-15-producing E. coli ST131 isolate was not expected and was surprising. We have not tested the mice used in this study for the presence of ciprofloxacin-resistant strains, and such a presence could explain the lack of selection seen here. Furthermore, extrapolation of results from the model is limited by the physiological differences between mice and humans, even though studies have shown that subcutaneous treatment once a day in mice gives fecal antibiotic concentrations equivalent to those of humans (19) . Finally, we studied only the fecal-and not the mucosal-microflora of mice. Yet, it has been postulated that, first, the mouse fecal flora is a mixture of mucosal and luminal flora and, second, the intestinal microflora of laboratory mice is comparable to the intestinal flora in humans (30, 31) . We have no obvious explanation for the selective ability of dicloxacillin, since this drug had no impact on the Gram-negative anaerobic or the aerobic Gram-positive flora. More detailed evaluation of the mouse and human intestinal microbiomes may provide the reason for the change in intestinal flora imposed by dicloxacillin. A study of antibiotics' general impacts on the microflora of mice and men would further illustrate the elements involved in selection.
In summary, our study confirms that antibiotics with an impact on Gram-negative anaerobes support overgrowth and colonization of a CTX-M-15 producing E. coli ST131 isolate. Nonetheless, our study shows that selection could be driven by antibiotics with limited effect on anaerobes and no effect on competing Gram negatives, but not by other antimicrobials with a broader spectrum of activity. The results indicate a need for investigation of selective mechanisms of different drugs, to fully develop rules and guidelines for stewardship of antibiotics.
